[DOI: 10.1299/mej. property of the transmitting medium, the contamination of the surface, and generally effective only for rough surfaces on the order of 1 μm or less of RMS roughness (Shin, 1995) . On the other hand, ultrasonic techniques has several advanced capabilities over stylus and optical methods and is generally accepted as a useful method of surface characterization including quality control of machined parts and process control (Coker, 1996; Dwyer-Joyce, 2001 ).
Let us consider ultrasonic techniques and review some of works especially for evaluating the periodically rough surface parameters using ultrasonic techniques.
Since a periodic surface functions as an acoustic diffraction grating, its geometrical features can be immediately identified by analyzing the associated diffracted modes (Blessing, 1993) . Wood anomalies (Wood, 1902) have been used to determine geometric parameters of a periodic surface. These appeared as sharp discontinuities or valleys in the frequency spectra as diffracted phenomena found in optics as well (Claeys, 1983) . The Rayleigh-Fourier method has successfully been used to theoretically predict diffraction effects including Wood anomalies and Scholte-Stoneley wave generation on periodically corrugated surfaces (Jungman, 1982; . Meanwhile, Scholte-Stoneley waves can potentially be used for the detection of surface defects, making both of these diffraction effects relevant to ultrasonic NDE (De Billy, 1980; Claeys, 1982; Loewen, 1997) .
In addition, the experimental and theoretical investigations have been conducted to the use of oblique incidence, since normal incidence analysis often limits the range of obtainable information (De Billy, 1976; Mampaert, 1989) . Moreover, by taking the effect of mode conversion into account, theoretical investigation of elastic waves diffracted by a stress-free, two solids and solid-fluid interfaces of periodically rough surfaces was considered rigorously. Then, a method to detect surface parameters based on the mode conversion of an incident bulk wave on periodic grooves was developed (Fokkema, 1981; Roberts, 1985; Jungman, 1988) . Recently, Liu proved experimentally an ultrasonic imaging technique applicable to accurately characterize the lateral and vertical dimensions of 2D corrugated surfaces. This technique is based on the amplitude and the time-of-flight (TOF) from echoes reflected by corrugation surfaces with small focused immersion transducer in pulse-echo mode (Liu, 2013) .
The techniques mentioned so far are only suitable for accessible surfaces, while inspections of inaccessible surfaces located at the inside of many industrial components are required to prevent serious catastrophe and vital disasters. In reality, the internal surface morphology and profile of mechanical components are important properties to ensure the products quality. For example, monitoring of inner surfaces for oil and gas pipelines and piping systems to prevent leakage due to corrosion is an important safety issue. In other manner, the integrity measurement of inner surface in hole drilling or deep and narrow grooving operations should be carried out in order to ensure the desired quality of products. However, the access for inspection is not an easy task. These lead to a strong demand for development of a new technique suitable to measure the back surface roughness. In this manner, ultrasonic evaluation of rough surface carried out from the back side turn into an appropriate alternative. Unfortunately, relatively little attention has been paid so far to the problem of back surface roughness evaluation by ultrasonic wave.
Within this purpose, several studies have investigated both theoretically and experimentally the ultrasonic nondestructive testing to measure the profile parameters of internal periodically corrugated surfaces. Subsequent backscattering spectroscopy analysis of reflected signals spectra by using a broad band pulse and yields the possibility to evaluate the periodicity of internal corrugated surfaces (De Billy, 1982) . Kersemans developed an ultrasonic backscatter polar scan method to characterize 2D surface corrugation, which is hidden on the backside of a polycarbonate sample (Kersemans, 2014) . The periodicities and surface symmetries as the orientation of the vertical insonification plane were successfully determined within the experimental measurement protocol. However, these techniques are only performed in immersion of water so that they are not suitable for inspection internal or hidden periodic surfaces in practice, such as checking corrosion, roughness or sticking of inner surfaces of oil pipelines. Recently, an ultrasonic methodology to reconstruct the height correlation function of inaccessible random rough surfaces was developed by the using Kirchhoff theory of diffusely elastic waves (Shi, 2016) . However, the presence of periodic surfaces may render this technique inaccurate, since the height correlation function of periodic surfaces remain constant. In addition, the evaluations of periodic surface parameters were not investigated. Therefore, different ultrasonic techniques than those used for the characterization of random rough surfaces must be developed for periodically rough surfaces. It follows that most of the existing ultrasonic NDE methods for periodic surfaces characterization are limited to estimating geometric parameters of accessible surface using water immersion configuration without considering mode conversion.
In this paper, an ultrasonic characterization method is developed which differs from previous studies in the way that it enables the direct evaluation of the pitch of inaccessible periodically rough surfaces from back side without immersing Nguyen, Sugino, Kurokawa and Inoue, Mechanical Engineering Journal, Vol.4, No.5 (2017) [DOI: 10.1299/mej. in the water. This technique is investigated based on the diffraction grating theory for oblique incidence taking into account the effect of mode conversion, which is applied to the elastic scattering field. As a very first step, the present analysis is mainly concerned to the periodically rough surfaces with triangular profile.
Reflection from Periodic Surface: Diffraction Grating Theory
When a coherent monochromatic ultrasonic beam is incident on a periodically triangular surface, it is reflected into an angular distribution of discrete components: the specular component and other dominant components with different diffraction orders. Diffraction by grating can be visualized schematically as shown in Fig. 1 . An ultrasonic ray of wavelength λ i incident at an angle α is diffracted as ultrasonic wave of wavelength λ d along an angle β, where the periodically triangular profile with the pitch d and the height h is assumed. These angles are measured from the grating normal and the sign convention for these angles depends on whether diffracted wave is on the same side or opposite side with respect to the incident wave.
The geometrical path difference between ultrasounds from adjacent grooves is indicated to be dsinα and dsinβ. The principle of interference dictates that the ultrasonic wave from adjacent grooves will be in phase (leading to constructive interference) when this difference equals the wavelength of ultrasound, or some integral multiples thereof. At all other angles β, there will be some measure of destructive interference between the wavelets originating from the groove facets.
Accordingly, at different angles of incidence, the various frequencies will diffract to different angular positions. The diffraction maxima combined with mode conversion are given by the classical grating equation as sin sin sin sin
where n = 1, 2, 3… is integer representing the diffraction order, f n is the frequency of n-th diffracted order, c i and c d are the wave velocities of the incident and the diffracted waves, respectively. For a pulse-echo arrangement, the transducer is used as the transmitter and the receiver. Considering the grating at an angular position different with zero, Eq. (1) can be simplified as 2 sin Nguyen, Sugino, Kurokawa and Inoue, Mechanical Engineering Journal, Vol.4, No.5 (2017) [DOI: 10.1299/mej. where  is incident and diffracted angle of transducer oriented to periodically rough surface relative to the surface normal, c is the wave velocity of the incident and reflected waves which could be longitudinal (P) or shear (S) waves.
Two-dimensional Finite Difference Simulation 3.1 Numerical Model
A finite difference two-dimensional ultrasonic wave propagation simulation software (Wave2000, CyberLogic) has been chosen for this study. As illustrated in Fig. 2 , a periodic surface is introduced at the bottom surface of a rectangular model (150 × 75 mm) by using triangular profile with the pitch d in the range of 0 to 1.6 mm and the height h, which is set to have the ratio of h/d = 0.5. The top, left, and right sides are taken as infinite boundary to prevent reflection. The model is assumed a homogenous isotropic elastic medium and type 304 stainless steel is chosen as its material. Material properties are taken from the material library embedded in the software and incorporated in the simulation model, as shown in Table 1 . In the model, ultrasonic transducer is represented by a straight line (10 mm) and oriented to the rough surface at every 15° (15° ~ 75°) on the arc of radius R = 74 mm. The wave reflected from the rough surface is received by the same probe in pulse-echo mode. The grid size of 20 μm is used and then the time step of 2.9 ns is automatically determined by the software and the total simulation time is 40 µs.
In this simulation, a longitudinal wave with sine Gaussian pulse 2 2 2 ( ) exp sin 2 is emitted from the ultrasonic probe, where the center frequency f = 4.5 MHz, the duration b = 5 μs, and time constant a = 0.1 μs. The transmitted wave and its frequency spectrum are shown in Fig. 3 . Figure 4 shows the visualization results at 23.04 μs when incident P-wave impinges the smooth, slightly rough (d = 0.6 mm), and highly rough (d = 1.2 mm) surfaces with angle of 45°, respectively. The strength of white color in these images represents intensity of ultrasounds propagating in the model. It can be seen that the reflection is concentrated in the specular direction, which is described by the Fresnel reflection law coupling with mode conversion. When the surface becomes rougher, the incident wave is partly reflected in the specular direction, and also partly scattered in all directions. Rougher surface enhances scattering field, meanwhile the magnitude of the coherent field decreases as surface becomes rough. Nguyen, Sugino, Kurokawa and Inoue, Mechanical Engineering Journal, Vol.4, No.5 (2017) [DOI: 10.1299/mej.17-00278] meanwhile no such signal exists for the simulation model with smooth surface as shown in Fig. 5(a) . Figure 6 summarizes the received waveforms for incident P-wave at angle of 45° obtained from various rough surfaces. As the surface is perfectly smooth or just slightly rough (d = 0.2, 0.4 mm) the amplitude of "surface roughness signal" is indeed small because the coherent field mainly reflected in specular direction. In contrast, when the surface becomes rougher, the scattering field significantly distributed in all directions. Therefore, the intensity of such appeared signals enhances and becomes more complex as superimposing of multiple signals with respect to diffracted frequencies. Figure 7 shows the visualization results at 23.04 μs for the models of rough surface with the pitch d = 1.2 mm for angles of incidence from 15° to 75°. It can be obviously seen that the angle of incidence plays an important role in the behavior of scattering wave from periodically rough surface. Due to pulse-echo configuration, the transducer at large angle of incidence mainly receives scattering component, meanwhile coherent component is considered as noise. The signal to noise ratio is significantly larger at large angle of incidence, which is caused by decrease of the specular reflection. Nguyen, Sugino, Kurokawa and Inoue, Mechanical Engineering Journal, Vol.4, No.5 (2017) [DOI: 10.1299/mej.17-00278]
Numerical Simulation Results
The ultrasonic wave scattered from a rough surface is heavily affected by the angle of incidence as indicated in Fig.  8 . For small angle of incidence of 15°, the received waveform is combined from coherent and scattering parts of signal with one large initial part and followed by small decaying of complex combined sinusoidal waves. For large angle of incidence, the received waveform includes mainly scattered field, which is generated by the interference. This signal becomes more complex by combining of multiple sinusoidal waves generated from a number of overlap frequencies according to diffraction grating phenomena. However, as angle of incidence increases, the intensity of received signal becomes smaller since shadowing and multiple scattering are important.
Frequency Analysis
A rectangular window function is used to select the portion of the "surface roughness signal" to be processed in order to eliminate the unwanted information. Two vertical dashed bars plotted in Fig. 5 (b) indicate this region (20 -35 µs) . This gate position is used throughout this numerical simulation. The selected signal is then converted from time-domain into frequency-domain by using the Fast Fourier Transform (FFT) algorithm. The amplitude frequency spectrum is then divided by that of incident waveform shown in Fig. 3 to obtain frequency response function. Vol.4, No.5 (2017) [DOI: 10.1299/mej.17-00278] Figure 9 shows the frequency response function for P-wave incidence at angle of 45° and various rough surfaces. These spectrum exhibits several sharp peaks, which are visible in the frequency range from 1 to 10 MHz corresponding to the diffracted order n. This typical pattern has been discussed previously as the principle of diffraction grating theory (Fokkema, 1977; De Billy, 1976 , 1980 . It is important to point out that the position of peaks is unchanged regardless of the width of rectangular window function . As the angle of incidence increases, the number of peaks increases, frequencies of these peaks becomes smaller as well as peaks are sharper due to diffraction grating phenomena, as illustrated in Fig. 10 . Figure 11 summarizes the peak frequencies f n for various rough surfaces with respect to the pitch d at various angles of incidence  in logarithmic scale. Curve fitting functions of each diffracted order are constructed. It is clear that peak frequencies are inversely proportional to the pitch d as expected from Eq. (2). 
Evaluation of the Pitch d
When a broadband pulse is emitted from ultrasonic probe, the frequency spectrum function of the backscattered ultrasonic wave at an angle of incidence  observes several diffracted sharp peaks at the frequencies f n . The pitch d is evaluated by substituting f n along with its diffracted order n into Eq. (2). The results from proposed method are summarized in Table 2 . For rough surface having d = 0.4 mm at angle of incidence of 30° and 45°, as well as for the case of d = 0.2 mm at all angles of incidence, d could not be evaluated due to no visible peak obtained from numerical spectrum. In these situations, higher center frequency transducer can be used to achieve that surface parameter measurement. Meanwhile, for all rough surfaces at incident angle of 15°, d could not be measured because the transducer at small angle of incidence mainly receives coherent component considering as noise. Therefore, no visible peak could be obtained from numerical spectrum. In other cases, the proposed method provides a high accuracy evaluation of the pitch, the errors are smaller than 1.5% for all diffracted orders.
It can be observed that the pitch of 0.2 mm could not be measured. In this numerical simulation, the P-wave velocity is 5790 m/s and the center frequency is 4.5 MHz, hence the wavelength is 1.29 mm. The wavelength of 1.29 mm is too long to measure the pitch of 0.2 mm. Meanwhile, the pitch of 0.4 mm could be evaluated only with large incident angles, such as 60° and 75°. However, this wavelength could evaluate the pitch, which is approximately a half of wavelength 1.29 mm in the large range of incident angles from 30° to 75°, such as the pitch of 0.6 mm. The relation is that the pitch within a half of wavelength could be measured might be a guidance about the selection of the appropriate center frequency or wavelength of transducer to observe the optimum measurement in practice.
According to Eq. (2), for the first diffracted order, wavelength can be expressed as
where λ 1 = c/f 1 is first order diffracted wavelength. Therefore, only wavelengths that satisfy the condition of λ 1 ≤ 2d can be appropriate to measure the pitch d. The condition obtained from diffraction grating theory matches well with the numerical relation between the pitch and the wavelength. It can be seen that the wavelength plays an important role in the evaluation of the pitch, therefore optimal selection of wavelength should be carefully considered for slightly rough surfaces with small pitch.
Investigation on Other Periodic Surfaces
Eight different periodic profiles are investigated numerically to examine the applicability of the proposed technique for not only triangular profile but also other periodic profiles, as shown in Fig. 12 . These periodic surfaces as studied here can be primarily characterized by two geometric parameters: pitch (d), and height (h) with the ratio h/d of 0.5, the corrugated profiles have the plateau width equal to the valley width (d/3). According to the proposed method in Section 3.4, the pitch d is evaluated by substituting f n in frequency response function along with its diffracted order n into Eq. (2). N/A 1.576 1.620 1.601 1.598 1.606 1.592 1.601 1.598 1.597 1.577 1.588 1.599 1.599 Nguyen, Sugino, Kurokawa and Inoue, Mechanical Engineering Journal, Vol.4, No.5 (2017) [DOI: 10.1299/mej.17-00278]
The numerical results for 60° of incident angle are summarized in Table 3 . It can be observed that the evaluated pitches along with each diffracted order are almost the same for different periodic profiles. There are slight differences between designed and evaluated values, but the maximum error is 1.04%. Therefore, the change of profile shape has very little effect on the evaluation of the pitch. Nguyen, Sugino, Kurokawa and Inoue, Mechanical Engineering Journal, Vol.4, No.5 (2017) [DOI: 10.1299/mej.17-00278]
Experimental Validation 4.1 Experiment Set-up
In order to ensure that the technique proposed in the previous section is applicable to the practice, experiments were conducted. The ultrasonic spectroscopy system, schematically displayed in Fig. 13(a) , was assembled around the pulser/receiver (5072PR, Olympus) functioned as a signal source in a pulse-echo configuration with diffracted signal received by the same probe. The specimen was a carbon steel semi-cylindrical block (JIS G 4051 S45C, radius: 75 mm, thickness: 37 mm) with triangular rough surface manufactured on the bottom by the milling machine using a drilling cutter. The triangular profile was corrugated to maintain a constant height only in the direction of the thickness with a set of d = 0.2, 1.0, 2.0 mm and the ratio of h/d = 0.5 as shown in Fig. 13(b) , meanwhile other faces of the specimen were smooth enough. The ultrasonic transducer was placed on the top round surface of the specimen to transmit P-or S-waves incident on the periodically rough surface at a desired angle by using a projector. The received signal was transferred to a 14-bit digitizer (PXI-5122, National Instruments), and finally stored in PC through the ExpressCard Interface. Nguyen, Sugino, Kurokawa and Inoue, Mechanical Engineering Journal, Vol.4, No.5 (2017) [DOI: 10.1299/mej.17-00278] P-and S-wave transducers (V109-RM and V155-RM, Panametrics, respectively) with 5 MHz of center frequency and 12.7 mm diameter were deployed for scanning. Appropriate ultrasonic couplants (Sonicoat BS-400, Taiyo Nippon Sanso Gas & Welding and GSONIC Couplant SH-H, GNES) for P-and S-wave, respectively were used to facilitate the ultrasonic waves into the specimen. For observing the incident waveforms and specifications of each transducers, pitchcatch measurement was conducted by putting two same type transducers face to face. Figure 14 shows incident waveforms and their frequency spectrums for P-and S-wave transducers. In order to determine the P-and S-wave velocities in the specimen, a pulse-echo arrangement was depicted for the reflection of normal incident wave from the smooth surface. For a given thickness of the test piece, the velocity of ultrasonic wave was determined from the average interval time between the multiple echoes of received signals. The specifications of incident waves and wave velocities are indicated in Table 4 .
The Pitch Evaluation 4.2.1 P-wave of Incidence
The scan results are shown in Fig. 15 for the P-wave transducer at various angles. When the specimen surface is slightly rough (d = 0.2 mm), the amplitude of received signals are small at all incident angles. As the surface become rougher (d = 1.0 and 2.0 mm), the intensity of signals increase and become more complex.
The signal in the region (15 -35 µs) was converted from time-domain into frequency-domain by using FFT algorithm, then normalized by the amplitude frequency spectrum of incident P-waveform shown in Fig. 14 to obtain frequency response function. Figure 16 shows the frequency response function for P-wave incidence at various angles. It is unable to confirm peak frequencies for slightly rough surface with d = 0.2 mm. For rougher surface, more dominant peaks can be found and they becomes sharper as larger incident angle. , Sugino, Kurokawa and Inoue, Mechanical Engineering Journal, Vol.4, No.5 (2017) [DOI: 10.1299/mej.17-00278]
The evaluation results of d by P-wave transducer are summarized in Table 5 . The pitch d evaluated by the proposed technique is sufficiently accurate for various diffracted orders. Especially, excellent accuracy is observed in case of angles of incidence larger than 45°. However, for specimen with slightly rough surface (d = 0.2 mm), d cannot be evaluated due to the range limitation of significant frequencies of transducer. In this experiment, the P-wave velocity is 5925 m/s and the center frequency is 3.74 MHz, hence the wavelength is 1.58 mm. Since the condition of λ 1 ≤ 2d could not be satisfied, the wavelength of 1.58 mm is too long to measure the pitch of 0.2 mm. This result agrees well with the numerical results in Subsection 3.4. Nevertheless, it has been confirmed that the technique proposed in this study works well for P-wave. 1 Nguyen, Sugino, Kurokawa and Inoue, Mechanical Engineering Journal, Vol.4, No.5 (2017) [DOI: 10.1299/mej.17-00278]
S-wave of Incidence
Two different cases, SV-and SH-wave incidences were considered. SV-wave has a complex interaction with P-wave when scattered at the rough surface, while SH-wave only scatters into SH-wave. Figure 17 details the received waveforms and their frequency response functions obtained by using incident SH-and SV-waves for specimen having d = 1.0 mm at incident angles of 45º and 60º. The signals in the region (35 -55 µs) indicated by two vertical dashed bars plotted in Fig. 17 were selected for this analysis. As seen in this figure, the intensity of signals received by SH-wave are higher than the one received by SV-wave, and hence sharper peaks with higher intensity are obtained in the frequency spectrum responses of SH-wave. The peak frequencies in the two cases are almost same due to the same velocity of SV-and SH-waves but the amplitude ratio of SV-and SH-peaks with respect to particular diffracted order in the frequency spectrum responses for each incident angle are different. As a result, some peaks appeared in the frequency spectrum responses of SH-wave incidence but not be identified by SV-wave incidence. Firstly, because mode conversion occurs in the case of SV-wave incidence, the energy of SV-wave after reflected from rough surface is converted into not only SV-wave but also P-wave one. Therefore, the intensity of signals received by SV-wave is lower comparing to the case of SH-wave incidence. Secondly, ultrasonic pulse emitted from S-wave transducer has lower energy than P-wave transducer so that the gain setting on the pulser/receiver is really high. Consequently, the received signal is distorted as inappropriate manner.
As a result, SH-wave of incidence showed stronger intensity of received signal and clearly exhibited dominant peaks in frequency spectrum response. This leads to higher accuracy of measurement of the pitch d by the proposed technique. The evaluated results of d and the errors of measurement by using SH-wave incidence are summarized in Table 6 . As in the P-wave case, good accuracy is observed for incident angles larger than 45º. It has been confirmed that the technique proposed in this study provides good results also for SH-wave.
In the viewpoint of wavelength, SH-wave is more sensitive than P-wave because SH-wave has shorter wavelength. Therefore, by using SH-wave, the periodic surface with smaller pitch can be measured by the developed technique. In the viewpoint of the signal to noise ratio (S/N ratio), it could be observed when comparing Fig. 16 and Fig. 17 , S/N ratio for the results using P-wave looks much larger than that for results using SH-wave. Because the transmission efficiency Nguyen, Sugino, Kurokawa and Inoue, Mechanical Engineering Journal, Vol.4, No.5 (2017) [DOI: 10.1299/mej.17-00278] of S-wave through the interface between the transducer and the specimen is much lower than that of P-wave, even if highly viscos couplant is used. These two points of view have opposite influences, so using P-wave or SH-wave in the developed technique should be carefully considered depending on purposes of measurements. Using SH-wave is a better choice if one desires to measure a smaller range of the pitch d, and errors due to S/N ratio is acceptable. Meanwhile, P-wave is the best solution to obtain the highest resolution of measurement with higher S/N ratio.
Conclusions
In this paper, an ultrasonic pulse-echo technique for evaluating the pitch of inaccessible surface having periodic profile from back-side has been developed. Numerical simulation results show that peak frequencies in frequency spectrum response function are inversely proportional to the pitch that has precisely consistent with the diffraction grating theory. It has been confirmed that the pitch of periodically rough surface can be evaluated by the proposed technique both in the numerical simulation and in the experiment. This technique can be applied by using not only P-wave but also S-wave, including SV-wave and SH-wave. When the incident angle is larger than 45º, this technique provides a good accuracy because the noise from the coherent component in specular direction is negligible. SH-wave shows better results compared with SV-wave due to the effect of mode conversion. It should be noted that SH-wave is more sensitive than Pwave since SH-wave has shorter wavelength than P-wave. Therefore, SH-wave is a better choice to measure the periodic surface with smaller pitch. However, P-wave is the best solution to obtain the highest resolution of measurement with higher signal to noise ratio. There may be another possibility of a combination of P-wave transmitter and SV-wave receiver, or vice versa with considering the mode conversion.
In this paper, a constant height-to-pitch ratio has been assumed to focus on evaluation of the pitch. However, evaluation of the height is also necessary in order to evaluate the roughness. In this respect, further research should be conducted. In addition, a limitation of the present technique is the 2D assumption, namely, the periodically rough surface is assumed to maintain a constant height only in one direction. Consideration of 3D problem would be interesting for practical inspection. 
